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The American Society of Mechanical Engineers (ASME) & curve is based upon data quired'by testing large specimens of unirradiated reactor pressure vessel (RPV) steels and weld metals that satisfL the validity requirements of the American Society for Testing and Materials (ASTM) Standard Test Method for Planestrain Fracture Toughness of Metallic Materials (E 399-90) . Currently, the provisions for determination of the upward temperature shift of the ASME Iz, curve due to irradiation of reactor pressure vessel steels are based on the Charpy 41-J shift, and the shape of the fracture toughness curve is assumed not to change as a consequence of irradiation. The main reason for such assumptions was that it is not practicable to accumulate the equivalent linear-elastic K, data base for irradiated material in the transition region. In fact, the maximum size of compact specimens for irradiation studies is limited to 4T (101.6 mm) simply due to through-thickness fluence gradients. With testing of small specimens in the transition region, some amount of local crack tip plasticity is unavoidable and fracture toughness up to cleavage instability is calculated in terms of size-dependent elastic-plastic Kk values. Therefore, for a ductile-to-brittle transition region a statistical size correction based upon weakest-link theory has been proposed [l] .
In this study, precracked Charpy V-notch (PCVN) specimens were used to characterize hcture toughness of unirradiated and irradiated reactor pressure vessel steels in the transition region by means of three-point slow bending. The PCVN specimens were fatigue precracked to a/w ratio of about 0.5. A method employing Weibull statistics was applied to model fracture toughness data distributions in the transition region and a master curve concept was used to describe the temperature dependence of eacture toughness. The PCVN specimen has exceptional application for reactor pressure vessels. The Charpy V-notch specimen is the most commonly used specimen geometry in surveillance programs. Precracking and testing of irradiated Charpy surveillance specimens would allow one to determine and monitor directly actual fracture toughness of an irradiated vessel instead of indirect evaluations using correlations established with impact data.
How well PCVN Kk data compare to compact specimen Kk data and how well a PCVN specimen generated master curve lower tolerance bound compares to the ASME lower-bound Iz, curve, will be examined in this paper.
ANALYSIS PROCEDURE
The fracture toughness data were analyzed by a procedure based on earlier work described in Ref. . where B , and B(ln are the test specimen and IT size specimen thicknesses, respectively.
Statistical size mrrection is based on the fact that the cleavage fracture in the transition range is initiated by small microstructural defects that are always present in commercially produced reactor pressure vessel steels. Thus, the thicker the specimen being tested, the higher the probability of encountering the trigger point of a critical size on the crack tip fiont at a critical stress state and, as result, measuring lower fracture toughness than with a specimen of smaller thickness. Equation (3 For structural ferritic steels however, KJc0 values tend to form transition temperature curves of the Same universal shape which is known now as the "master curve." The master curve of Kww for 1T size specimens in the transition region is described by:
where TIM is the reference temperature at which KwM "is 100MPadm. Although the test temperature was increased by 15°C only, all seven tests gave invalid Kk results. Finally, w e n specimens were tested at 15°C and only six of them cleaved after some slow-stable crack extension. Results from the last two sets of data are included in Table I Figure 1 shows that the analysis procedure described here provides a powerfX tool to descn'be fracture toughness Kk properties in the transition region by testing limited numbers of PCVN specimens. Together w i t h the advantages, these data also highlight the limitation on PCVN specimens due to the constraint limit imposed by Eq. (5). In other words, Kk values from PCVN specimens can be as good as those tiom larger compact (3) is applied to adjust the data to 1T size equivalence. In order to cover uncertainty in To due to testing only a few specimens, a margin, AT, , is added to tolerance bounds. The margin is equal to:
were u is standard deviation and 2& is the tabulated two-tail normal deviate for the specified probability (we used 85%). Standard deviation for estimates on T,, is approximated as u = 18 "CY&, where N is the total number of specimens that were used to obtain T I , . In our case N = 14. Z,, is of 1.44. Thus, ATlm is equal to 7°C. Figure 2 shows that the master curve and the 5 and 95% margin-adjusted tolerance bounds derived from testing of several PCVN specimens represents very well the large Kk database accumulated by testing of massive specimens.
Having success in descniig the I & dabbase by the master curve from PCVN specimens of the Same material, the next step is the direct comparison between the ASME lower bound curve and the 5% margin-adjusted tolerance bound curve, see Fig. 3 . AU 174 & data from the EPRI database were re-examined and checked for accuracy in Ref. [7] and these data are also plotted on this figure. The top and right axes are in English units which is usual when relative temperature, T -RTm, is expressed in OF.
The first ASME curve was manually constructed as the lower boundary to all Kk values available at that t h e in a normatized temperature range, T -RTm, from -100 to +100"F. Fig. 3 , Eqs. (10) and (1 1) are both plotted over the fbll temperature range of the K, data. The first observation is that Eq. (10) is only a fitting fbnction for the data in the temperature range -100°F to +lOO"F, hence it is not a true lower bound to all of the data. In fkt, the 5% tolerance bound cuwe fiom the present study suits better as the lower-bound to the total EPRI database. In the transition region, the ASME & curve rises more rapidly than the tolerance bound to the master curve. The deviation starts at T -RT, , above 25°C. On the other hand, this is the region where almost no K , data are available. Thus, the shape of the ASME curve at T -R T , , above 25°C reflects rather a postulated shape, while the master curve concept has been experimentally proven to describe the scatter of elastic-plastic-based fhcture toughness values in the transition region. In this discussion however, the caution regarding the necessity for using only valid & data is relaxed by applying the master Cuive based on Kk data to describe the scatter of Iz, data of the same material and also the total & database. The specific advantage of the present resuIts is that the master curve was developed from PCVN specimens.
TEST OF R E C O N S m D PCVN SPECIMENS
Recent progress in reconstitution by welding of Charpy-size specimens fiom previously broken surveillance specimen halves [8] opens a new area for the PCVN specimen application. Reconstituted surveillance PCVN specimens can be used for direct measurements of fiacture toughness of reactor pressure vessels in the irradiated condition andor, for example, for an evaluation of benefits fiom possible thermal annealing. Reconstituted PCVN specimens are also good candidates for a supplemental surveillance program. In the present study, PCVN specimens were reconstituted by a wetding technique d m i e d in Ref.
[9] fiom the broken halves of previousty tested crack-arrest specimens of a RPV submerged-arc weld, designated as HSSI weld 73W.
The HSSI weld 73W has been well characterized as a part of the Heavy-Section Steel Irradiation (HSSI) Program Fifth Irradiation Series [lo] . Seventy-eight compact specimens ranging in sizes &om 1T to 8T were tested in the unirradiated condition at ORNL and Materials Engineering Associates to characterize the transition region. These data are compared to reconstituted PCVN specimen data fiom the present study in Fig. 4 . The scatter of fracture toughness data is well described by the master curve with 5 and 95% margin-adjusted tolerance bounds obtained only fiom PCVN specimen data. Eleven PCVN specimens were tested over the temperature range. Utilizing the postulates already discussed [EQs. . The constraint limit imposed by Eq. (5) was not applied to qual@ data for this analysis. In order to perform the comparison, Kk data from specimens of each size were separately analyzed to determine TI, The result of each analysis is also presented in Fig. 4 . There were only two 6T C(") and four 8T Cg? tested. Thus,Tloo estimates fiom these two data sets are unreliable and are presented as supplementary information only.
The comparison of T,, dues obtained from specimens of different s k clearly proves the applidity of reconstiMed PCVN specimens to characterize fracture toughness of RPV steels in the transition region Some unresolved issues may remain regarding quality of welding reconstitution, minimum length of the inserts, etc., but such matters are outside of the scope of this paper.
CHARACI;ERIZATION OF lRRADIATED STEELS
PCVN specimens were used to characterize fkcture toughness of an A 533 grade B plate and submerged-arc weld in both the unirradiated and irradiated conditions. The PCVN data are compared to compact specimens data.
An A533 grade B pfate, designated IRQ, is the new International Atomic Energy Agency (XAEA) correlation monitor material. This plate was widely used in the IAEA Coordinated Research Programme Phase 3 (CRP-3). The analysis of KJ, data from CRP-3
has revealed a T,, value gradient in the pIate thickness direction [12] . Based on this observation, only spechens from about the same depth in the plate can be compared. PCVN specimens, 0.5T round compact (RCT) specimens, and 1T compact specimens of L T orientation were tested in the unirradiated condition. PCVN and 0.5T RCT spechens were also studied after itradiation in the surveillance position of LoViisa Nuclear Power Plant to a neutron fluence of approximately 2 x 1019 dcm2 (>1 MeV) at 265 "C. Fracture toughness data from specimens of different sizes are summarized in
Figs. 5 and 6 for the unirradiated and irradiated conditions, respectively. In both Figs. 5 and 6, the master Curve with 5 and 95% tolerance bounds obtained only fiom testing of that the master curve w i t h tolerance bounds from tests of only PCVN specimens adequately characterize the scatter of Kk data from compact spechens. As in the case with HSSI weld 73W, PCVN specimens fiom the JRQ plate were tested over the transition temperature range. Thus, estimation of the T,, values was performed by the procedure described in Ref Tbe capacity of P c V N specimens to provide valid Kk before losing constraint is restricted by the extremely small remaining ligament, see Eq. (5). This penalizes the PCVN geometry more compared to, for example, the 0.5T compact specimen, although bo& are about the same thickness. In order to have valid PCVN data, the test temperature needs to be selected to be in the lower part of the transition region (below 100 MPadm). Due to the exponential nature of the master cuxve as it approaches the lower she& median Kk must be determined with more accuracy than the median Kk determined at the Tloo temperature. The accuracy of PCVN-derived Kk values on the lower part of transition region is also somewhat reduced because the statistical size effect implied by Eq. (3) is tending to vanish in this region. Thus, it may become necessary to recommend an increase in the number of PCVN specimens to be tested in the lower transition region. Ten to twelve PCVN specimens per curve may be necessary.
The PCVN specimens were tested together w i t h compact specimens before and figures 7 and 8 present Kk values of the beltline weld in the unirradiatd and In this paper, the applicability of small specimens to characterize the hcture toughness of pressure vessel steels has been examined by the testing of precracked Charpy specimens. Weibull statistid concepts were applied to analyze Kk vdues and the master w e approach was used to descni the temperature dependence of fracture toughness in the transition region. Conclusions are summafized as follows:
1-
The Weibull statistidmaster curve approach provides a powerful too1 to describe the fracture toughness properties in the transition region of unirradiated and irradiated reactor pressure vessel steels enabling the testhg of Iimited numbers of PCVN specimens.
2.
However, the "valid" test temperature range for PCVN specimens is very narrow. The capacity of PCVN specimens is restricted on the high-temperature side by constraint control requirements and on the lower-temperature side by accuracy of statisticat effects. 
3.

4.
5.
6.
It is shown that the master w e derived fiom The fiacture toughnesses of Plate JRQ and the Midland reactor vessel weld, in both the unirradiated and irradiated conditions, were adequately characterized by PCVN specimens. The accuracy of characterization of fiactore toughness in the transition region by PCVN specimens wiU probably have to be improved by increasing the number of specimens tested.
